We report low-temperature heat transport measurements on superconducting iron sulfide FeS with Tc ≈ 5 K, which has the same crystal structure and similar electronic band structure to the superconducting iron selenide FeSe. In zero magnetic field, a significant residual linear term κ0/T is observed. At low field, κ0/T increases rapidly with the increase of field. These results provide strong evidence for nodal superconducting gap in FeS. We compare it with the sister compound FeSe, and other iron-based superconductors with nodal gap.
Since the discovery [1] , the iron-based superconductors (IBSs) have been extensively studied in recent years [2] . There are five major families of IBSs, namely, "1111" [1] , "122" [3] , "111" [4] , "122-selenide" [5] , and "11" [6] . These families share the same FeAs(Se) layer, which resembles the CuO plane in cuprate superconductors and is responsible for the superconductivity [2] . The electronic band structure calculation results showed strong similarities between the Fe-Se and Fe-As based superconductors, thus implied their similar superconducting nature [7] . Furthermore, while the superconducting transition temperature (T c ) of bulk FeSe is only 8 K [6] , it can be greatly enhanced by pressure (T c = 37 K) [8] , intercalation (T c = 46 K) [9, 10] , and growing single-layer FeSe on SrTiO 3 substrate (T c = 65 K) [11] . In this context, the simplest IBS FeSe may provide a clean playground to investigate the superconducting pairing mechanism of IBSs.
A large step towards understanding the pairing mechanism of a superconductor is to clarify the superconducting gap structure. With the help of angle-resolved photoemission spectroscopy (ARPES), large electron pocket and nearly isotropic superconducting gap were revealed in single-layer FeSe/SrTiO 3 [12, 13] , and in the intercalated (Li 0.8 Fe 0.2 )OHFeSe single crystal [14, 15] . The scanning tunneling microscopy (STM) results further indicate that single-layer FeSe/SrTiO 3 [16] and potassium doped FeSe ultrathin films grown on graphitized SiC [17] have a plain s-wave pairing symmetry, with an order parameter that has the same phase on all Fermi surface sections. However, for the low-T c FeSe single crystal and FeSe single-crystalline film on the graphitized SiC(0001) substrate, the studies of superconducting gap structure gave controversial results [18] [19] [20] [21] . Early thermal conductivity measurements on FeSe single crystals suggested multiple nodeless gaps [18] , which was supported by specific heat data [19] . But the STM results on FeSe singlecrystalline film and latest thermal conductivity data of stoichiometric FeSe single crystals claimed the existence of line node in the superconducting gap [20, 21] .
Tetragonal FeS has the same crystal structure as tetragonal FeSe, simply by replacing selenium with sulfur. Theoretically, these two compounds have very similar Fermi surface topology, with hole pockets at the Brillouin zone center and electron pockets at the zone corner [7] . Experimentally, due to the complexity of the Fe-S phase diagram, stoichiometric tetragonal FeS was notoriously hard to obtain by high-temperature routes [22] . Until recently, Lai et al. applied low-temperature hydrothermal method to successfully produce stoichiometric tetragonal FeS, which shows bulk superconductivity with T c ≈ 5 K [23] . Considering their similar crystal and electronic structures, it will be very interesting to compare the superconducting properties between FeS and FeSe.
In this Rapid Communication, the thermal conductivity of well c-axis oriented FeS foil and FeS single crystal were measured down to 100 mK, to investigate the superconducting gap structure. Significant residual linear term κ 0 /T is observed in zero magnetic field for both samples, suggesting the existence of a nodal superconducting gap in FeS. This is further supported by the rapid field dependence of κ 0 /T at low field. The origin of this nodal superconductivity is discussed, by comparing with FeSe and other IBSs.
The FeS foils were obtained by the hydrothermal method described in Ref. [23] . We also synthesized FeS single crystals by de-intercalation of K from KFe 2−x S 2 precursor by hydrothermal method [24] . In this work, we present the measurements on both samples. The dc magnetization measurements were performed in a superconducting quantum interference device (SQUID) [magnetic properties measurement system (MPMS), Quantum Design]. The same samples were cut into rectangular shape and used in both resistivity and thermal conductivity measurements. The geometrical dimensions are 2.2 mm × 1.0 mm × 3.5 µm for FeS foil and 2.0 mm × 0.9 mm × 20 µm for FeS single crystal, respectively. Standard four probe method is applied with silver paint. The contacts are metallic with typical resistance of 500 mΩ for foil and 2 mΩ for single crystal at 1.5 K. The thermal conductivity was measured in a dilution refrigerator, using two RuO 2 chip thermometers, calibrated in situ against a reference RuO 2 thermometer. All the magnetic fields for resistivity and thermal conductivity measurements are applied alone the c axis. By controlling the synthesis conditions, centimeter-size FeS foils with the thickness of several micrometers can be obtained. The FeS foil has metallic luster, as shown in the left inset of Fig. 1(a) . According to the chemical analysis, no other elements were detected except for Fe and S, and the ratio Fe:S is exactly 1:1 within the experimental error. From the XRD pattern shown in Fig. 1(a) , only the (00l) Bragg peaks show up, indicating that it is well oriented along c axis. To examine whether the foil is a single crystal, we first took the SEM image on the surface. The right inset of Fig. 1 (a) reveals that the surface consists of small FeS sheets. To further check it, we peeled the foil off, and the fresh surface shows similar morphology. We further performed single crystal XRD on FeS foil and found no clear diffraction spots (not shown here). Therefore, it is concluded that these FeS foils consist of well c-axis oriented FeS single-crystalline sheets with the size of tens micrometers, and the orientation of a(b) axis for each sheet is random in the plane. According to the results of chemical analysis and XRD, there should be no impure phase in these FeS foils. Owning to the good ori- W Ω K −2 , and ρ0 = 88.9 µΩ cm (foil) and 5.81 µΩ cm (single crystal).
entation along the c-axis, we still measure the in-plane resistivity and thermal conductivity. The characterizations of FeS single crystal can be found in Ref. [25] The dc magnetic susceptibility of FeS foil and single crystal is shown in Fig. 1(b) . The diamagnetic transition of FeS foil start at 4.0 K and tends to saturate below 2 K, while that of FeS single crystal shows a slightly higher T c at about 4.3 K and a slightly larger diamagnetic signal at low temperature. Above the transition temperature, the curves are quite flat and no positive background is observed, which indicates the absence of any magnetic impurities such as Fe clusters in our samples. This is in contrast to earlier FeSe single crystals [18] , and consistent with the stoichiometric FeSe single crystals [26] .
The low-temperature in-plane resistivity in zero and finite magnetic fields is presented in Fig. 2(a) and 2(b) for FeS foil and single crystal. For each field, the T c is defined at the point where ρ drops to 5% of its normal-state value. From the zero-field ρ(T ) curves, FeS foil has T c = 3.98 K and FeS single crystal has T c = 4.40 K, which are consistent with the magnetization measurements. The magnetoresistance in the normal state is very weak below 0.5 T. The low-temperature resistivity from 5 to 45 K can be well fitted by the Fermi liquid behavior, ρ(T ) = ρ 0 + AT 2 , giving ρ 0 = 88.9 µΩ cm for FeS foil and ρ 0 = 5.81 µΩ cm for FeS single crystal. As shown in Fig. 2(c) , H crystal c2 (0) ≈ 0.5 T is roughly estimated. This value is larger than that of foil, at ≈ 0.3 T, which is consistent with the higher T c of single crystal. To choose a slightly different H c2 (0) does not affect our discussion below. Note that the residual resistance ratio (RRR = ρ(298 K)/ρ 0 ) is about 6 and 40 for FeS foil and single crystal, respectively.
Ultra-low-temperature thermal conductivity measurement is an established bulk technique to probe the superconducting gap structure [27] . Figure 3(a) and 3(b) plot the in-plane thermal conductivity of FeS foil and single crystal in zero and finite magnetic fields. The measured thermal conductivity contains two contributions, κ = κ e + κ p , which come from electrons and phonons, respectively. In order to separate the two contributions, all the curves below 0.4 K are fitted to κ/T = a + bT α−1 [28, 29] , where aT and bT α represent contributions from electrons and phonons, respectively. The residual linear term κ 0 /T ≡ a is obtained by extrapolated κ/T to T = 0 K. Because of the specular reflections of phonons at the sample surfaces, the power α in the second term is typically between 2 and 3 [28, 29] . We fixed α to 2 for FeS single crystal since its curves are roughly linear.
We first examine the Wiedemman-Franz law in the normal state of FeS. Form Fig. 3(a) and 3(b) , the fittings of the data in H c2 = 0. [27, 28] . Therefore no residual linear term of κ 0 /T can be observed, as seen in V 3 Si and NbSe 2 [28, 30] . However, for nodal superconductors, a substantial κ 0 /T in zero field contributed by the nodal quasiparticles has been found [27] . [32] , the multiband nodal superconductor CsFe2As2 [34] , and an overdoped d-wave cuprate superconductor Tl-2201 [31] are also shown for comparison.
. For the p-wave superconductor Sr 2 RuO 4 (T c = 1.5 K), κ 0 /T = 17 mW K −2 cm −1 was reported [33] , more than 9% κ N 0 /T . Therefore, the significant κ 0 /T of FeS strongly suggests that its superconducting gap has nodes.
In order to get more information on the superconducting gap structure, we then examine the field dependence of κ 0 /T [27] . As shown in Fig. 3(a) and 3(b) , a very small field H have clearly increased the κ 0 /T . After fitting all the curves and obtaining the κ 0 /T for each field, the normalized κ 0 /T as a function of H/H c2 for FeS is plotted in Fig. 4 . For comparison, data of the clean single-gap s-wave superconductor Nb [32] , the multiband nodal superconductor CsFe 2 As 2 [34] , and an overdoped d-wave cuprate superconductor Tl-2201 [31] , are also plotted. For FeS at low field, the rapid field dependence of κ 0 /T mimics that of Tl-2201. For nodal superconductor Tl-2201, a small field can yield a quick growth in the quasiparticle density of states (DOS) due to Volovik effect, and the low field κ 0 (H)/T shows a roughly √ H dependence [27] . Therefore, the rapid field dependence of κ 0 /T at low field further supports a nodal superconducting gap in FeS. However, we note that at slightly higher field, the κ 0 /T shows a slower field dependence than Tl-2201, which is not a √ H dependence. The overall field dependence of κ 0 /T for FeS is similar to that of CsFe 2 As 2 and RbFe 2 As 2 , which were argued as multiband nodal superconductors [34, 35] . Indeed, according to the band structure calculation of FeS, there are at least two hole pockets around the Γ point, and two electron pockets around the M point [7] . The relatively slower field dependence of κ 0 /T indicates that the gaps in some of the Fermi surface are nodeless. For such a complex nodal swave gap structure, likely with both nodal and nodeless gaps of different magnitudes, it is hard to get a theoretical curve of κ 0 (H)/T .
Having demonstrated the gap structure of FeS, we compare it with the sister compound FeSe. Early thermal conductivity and specific heat measurements on dirty FeSe single crystals suggested multiple nodeless gaps [18, 19] . Later, for stoichiometric FeSe single-crystalline film studied by STM, the V-shaped dI/dV and the linear dependence of the quasiparticle density of states on energy near E F explicitly reveal the existence of line nodes in the superconducting gap [20] . The thermal conductivity, London penetration depth, and tunneling conductance spectrum measurements on clean stoichiometric FeSe single crystals also suggest line nodes in the gap [21] . It was argued that the line nodes in FeSe are accidental, not symmetry protected [21] , because the nodes are absent in disordered samples with lower RRR [18] . However, very recently, thermal conductivity, specific heat, STM, and penetration depth measurements on high-quality FeSe single crystals suggests multiple nodeless gaps again [36] [37] [38] . Since the superconducting gap structure of FeSe single crystal is still in dispute, it is not clear whether FeSe has similar nodal gap structure to FeS observed in current work.
To our knowledge, there are also some other IBSs which have nodal superconducting gap, such as LaFePO [39] [40] [41] [34, 35, [47] [48] [49] . For optimally doped BaFe 2 (As 1−x P x ) 2 , ARPES experiments found a nodal ring in the expanded α-hole pocket at k z = π [44] . It is unknown whether this accidental nodal s-wave gap structure can be applied to other isovalently Ru-and P-doped iron pnictides. For KFe 2 As 2 , there is a hot debate on whether its nodal gap is dwave or accidental nodal s-wave [48, 49] . A recent thermal conductivity measurements on heavily hole-doped Ba 1−x K x Fe 2 As 2 suggested accidental nodal s-wave gap [50] . The finding of nodal superconducting gap in our tetragonal FeS adds another member to the list of IBSs with nodal gap.
In summary, by employing ultra-low-temperature thermal conductivity measurements, the gap structure of the newly discovered FeS superconductor is revealed. A significant residual linear term κ 0 /T is observed for both foil and single crystal samples in zero field, implying a nodal gap structure in FeS. This is further supported by our systematic studies of the evolution of κ(T )/T with external magnetic field. More works are desired to determine the exact position of the gap nodes. Clarifying the origin of gap nodes in FeS and some other IBSs with nodal gap will give us a better understanding of their pairing mechanism.
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